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Congenital adrenal hyperplasia (CAH) is caused by an enzymatic defect in steroid biosynthesis, most commonly by a mutation in CYP21A2 (the gene encoding 21-hydroxylase), and its inheritance is autosomal recessive. Nonclassic congenital adrenal hyperplasia (NCCAH) has a milder phenotype, where usually 20-50% of enzyme activity is retained; it presents in childhood with signs of androgen excess and a variable degree of glucocorticoid insufficiency.
Diagnosis in childhood has important clinical implications. Androgen excess, for which glucocorticoid treatment is recommended [1, 2] , can cause premature closure of growth plates and short adult height. An individual with NCCAH has an increased chance of having offspring with NCCAH or classic CAH [3] ; genetic counselling can support family planning. Children with NCCAH can have glucocorticoid insufficiency [1, 4] for which providing glucocorticoid stress dose advice is recommended to reduce the risk of adrenal crisis [2] .
NCCAH can be clinically indistinguishable from, for example, benign premature pubarche or polycystic ovarian syndrome-conditions also seen in pediatrics. Individuals with symptoms or clinical features may undergo screening using a morning serum 17-hydroxyprogesterone (17OHP). Clinical practice guidelines recommend that a result less than 6 nmol/L excludes CAH and greater than 30 nmol/L is diagnostic; 6-30 nmol/L prompts a 250 mcg ACTH stimulation test where a 60-minute peak above 30 nmol/L is diagnostic [2] . These thresholds are for the screening and diagnosis of CAH from 21-hydroxylase deficiency and not other enzyme defects.
Liquid-chromatography tandem mass spectrometry (LC-MS/MS) has become the recommended method for 17OHP measurement for NCCAH screening [2] ; however, immunoassay data informs the current 17OHP screening and diagnostic thresholds [5] [6] [7] [8] . In comparison to immunoassays, LC-MS/MS offers increased analytical specificity, the ability for multiplex analysis (simultaneously measure multiple analytes), and the advantage of using minute specimen volumes. In 2011, our institution introduced LC-MS/MS to measure 17OHP and based on method comparison data, 6 nmol/L on immunoassay is equivalent to 3.3 nmol/L on LC-MS/MS [9] .
There is uncertainty whether using a more specific 17OHP assay warrants lowering the threshold for NCCAH screening. We hypothesize the change to LC-MS/MS increases falsenegative screening results, therefore prompting a reduction of the threshold 17OHP value to exclude NCCAH.
Glucocorticoid insufficiency is traditionally defined by a peak cortisol less than 500 nmol/L on a 250 mcg ACTH stimulation test [10] . However, this threshold is being challenged in light of more specific immunoassays [11, 12] . A systematic review suggests a threshold of 415 nmol/L is more appropriate [13] .
A more accurate NCCAH screening approach would increase the rate of diagnosis and allow patient care to address target height, genetic counselling, and glucocorticoid insufficiency. Thus, we performed a retrospective analysis of ACTH stimulation tests since changing to LC-MS/MS measurement of 17OHP to determine the 17OHP threshold that best screens for NCCAH in children. A secondary aim is to establish the prevalence of glucocorticoid insufficiency in our cohort of patients and whether this can be predicted by the screening 17OHP.
Methods

A. Study Design
Chart review was performed for patients under age 18 years undergoing an ACTH stimulation test at The Hospital for Sick Children, Toronto, when both 17OHP and cortisol results were measured. The 17OHP measurement at time 0 minutes of the ACTH stimulation test (baseline 17OHP) was regarded as the screening 17OHP for NCCAH. Data were collected from 2011-from the time LS-MS/MS for 17OHP was introduced-until 2018. Clinical, biochemical, and genetic data were collected from the electronic medical record.
NCCAH was confirmed by molecular genetic analysis of CYP21A2 or, if unavailable, by a 60-minute peak 17OHP (after ACTH stimulation) above 30 nmol/L. NCCAH was distinguished from classic CAH by an onset of symptoms after infancy, absence of salt-wasting, and associated genetic mutation (where available). Other diagnoses were confirmed by documentation in the chart or, if unavailable, an alternative diagnosis was presumed by a peak 17OHP less than 30 nmol/L. Glucocorticoid insufficiency was defined as a peak cortisol less than 415 nmol/L at 60 min during a 250 mcg ACTH stimulation test.
B. Assays
17OHP quantification was achieved using an LC-MS/MS method validated for simultaneous measurement of eight steroid hormones on an AB Sciex 4000 QTRAP mass spectrometer with a total run time of 10 minutes. 17OHP assay performance characteristics were as follows: low limit of quantification of 0.05 nmol/L (CV of 6.1%), analytical measurement range of 0.05-160 nmol/L, and intra and interassay imprecision less than 10% [9] . Prior to September 2013, cortisol was measured on the Siemens Immulite 2500, as described previously [9] . From September 2013, cortisol was measured by a chemiluminescent immunoassay on the Abbot Architect i2000. Both methods were controlled according to the manufacturer's instructions.
C. Statistical Analyses
All patients meeting the above inclusion criteria underwent chart review. Patients with other adrenal pathology were excluded from further analysis. Patients taking glucocorticoids at the time of testing were excluded from analysis to determine the prevalence of glucocorticoid insufficiency.
Descriptive statistics characterised the cohort using mean, standard deviation, median, and range, where appropriate. The accuracy of 17OHP to screen for and diagnose NCCAH was evaluated by: sensitivity, specificity, false-positive and false-negative rates, positive and negative predictive values, and receiver operating characteristic curve analysis. Youden's index was used to generate the most accurate cut-off by optimising both sensitivity and specificity [14] .
D. Ethics
This study received research ethics board approval from The Hospital for Sick Children, Toronto.
Results
In total, 188 patients met inclusion criteria: 23/188 (12%) had NCCAH and 165/188 (88%) had Other Diagnoses. Genotype confirmation was available for 21/23 with NCCAH (Table 1) . Seven individuals were excluded for: adrenocortical carcinoma (n = 2), adrenal insufficiency (n = 2), previously diagnosed simple virilized CAH (n = 1), X-linked adrenoleukodystrophy (n = 1), and suspected autoimmune adrenal insufficiency (n = 1). A total of 181 (158 female; 87%) were included in final analyses (Fig. 1) . The majority of those included with documented Other Diagnoses had hyperandrogenism (31/77)-from polycystic ovarian syndrome, premature pubarche, adrenarche, hirsutism, or leydig cell tumor. There was no difference in sex between the NCCAH and the Other Diagnoses group (P = 0.66). Those with NCCAH were younger (10.4 ± 3.8 years) than those with Other Diagnoses (12.8 ± 4.2 years); P = 0.009.
A. Baseline 17OHP
The median baseline 17OHP in NCCAH was 16.0 nmol/L [2.5-110] and in Other Diagnoses was 1.5 nmol/L [0.1-11.9]; P < 0.001 ( Fig. 2A) . The baseline 17OHP was above 6 nmol/L in all NCCAH patients with the exception of one individual-this patient had genetically confirmed NCCAH and a peak 17OHP 73.8 nmol/L with a baseline 17OHP 2.5 nmol/L. A baseline 17OHP cut-off of ≥ 6 nmol/L has the same sensitivity and negative predictive value (NPV) but better specificity and positive predictive value (PPV) than using ≥ 3.3 nmol/L to screen for NCCAH ( Table 2 ). The area under the receiver operating characteristic (ROC) curve (Fig. 3A) is 0.98 (95% CI 0.96-1.00, P < 0.001), which generates an optimal cut-off for diagnosing NCCAH as a baseline 17OHP level of 5.8 nmol/L.
B. Peak 17OHP
The median peak 17OHP in NCCAH was 161 nmol/L [15.3-358] and in Other Diagnoses 4.1 nmol/L [1.0-26.1]; P < 0.001 (Fig. 2B) . Peak 17OHP was above 30 nmol/L in all NCCAH patients except one individual who had genetically confirmed NCCAH with a peak 17OHP 15.3 nmol/L and a baseline 17OHP 8.7 nmol/L (no glucocorticoid treatment at the time of this testing).
The peak 17OHP was below 30 nmol/L in all Other Diagnoses. The peak 17OHP was between 20-30 nmol/L in 3/158 with Other Diagnoses; this is highlighted in light of the negative bias of the LC-MS/MS assay, which means that 20 nmol/L by LC-MS/MS equates to 30 nmol/L on our previous immunoassay [9] . One of these three was a CAH carrier, one had aldosterone synthase deficiency, and for one there was insufficient clinical data. A peak 17OHP cut-off of > 30 nmol/L has the same sensitivity and NPV but better specificity and PPV than using a cut-off of > 20 nmol/L ( Table 3 ). The area under the ROC curve (Fig. 3B ) is 0.999 (95% CI 0.995-1.000, P < 0.001), which generates an optimal cut-off for diagnosing NCCAH as a peak17OHP level of 14.8 nmol/L.
C. Glucocorticoid Insufficiency
When using the traditional peak cortisol of 500 nmol/L 60 minutes after ACTH stimulation as a diagnostic cortisol cut-off, 19/22 (86%) with NCCAH and 3/158 (2%) with Other Diagnoses had glucocorticoid insufficiency. Alternatively, using 415 nmol/L as a cortisol cut-off diagnosed 12/22 (55%) of the NCCAH group and none with Other Diagnoses as having glucocorticoid insufficiency. All off those with NCCAH and glucocorticoid insufficiency, when using either diagnostic cortisol cut-off, had a baseline 17OHP ≥ 6 nmol/L.
When defining glucocorticoid insufficiency as cortisol less than 415 nmol/L, 7/12 (58%) were subsequently treated with glucocorticoids, 2/12 (17%) were not, and in 3/12 (25%) this was not documented in the medical record.
Discussion
We found that a baseline 17OHP of ≥ 6 nmol/L measured by LC-MS/MS remains the most accurate cut-off for NCCAH screening; and > 30 nmol/L at 60 minutes after a 250 mcg ACTH stimulation test remains the most accurate cut-off for NCCAH diagnosis. These data do not support our hypothesis of the need to reduce these thresholds in light of the negative bias demonstrated by LC-M/MS against immunoassay [9] . Despite these results supporting the ongoing use of the current guidelines for NCCAH screening and diagnosis [2] , this is a valuable re-evaluation of our clinical cut-offs in the current era of implementing more specific assays.
We also demonstrated that a significant proportion of individuals with NCCAH have glucocorticoid insufficiency -both at the traditional cortisol cut-off of 500 nmol/L and lower cortisol cut-off of 415 nmol/l. This finding should prompt consideration of glucocorticoid stress dose education for these patients. All patients with glucocorticoid insufficiency, regardless of which diagnostic threshold was used, were identified using a 17OHP screening cut-off of ≥ 6 nmol/L.
The calculated sensitivity and specificity for baseline 17OHP in diagnosing NCCAH in this study is comparable to previous studies (which all used immunoassay), but accuracy will vary across different populations. For example, in 238 patients with precocious puberty, 10/238 had NCCAH and a baseline 17OHP cut-off of ≥ 6 nmol/L was 100% sensitive and 99% specific [6] . However, in two other studies 6/280 (2.1%) and 4/58 (7%) patients with genetically confirmed NCCAH had a baseline 17OHP less than 6 nmol/L [15, 16] ; a finding that is comparable to our data showing 1/23 (4%) had a baseline17OHP less than 6 nmol/L.
LC-MS/MS is a more specific assay than immunoassay both in adult and pediatric healthy subjects [9, [17] [18] [19] . A comparison in 55 adults with CAH concluded that LC-MS/MS is preferred to immunoassay for monitoring glucocorticoid therapy due to its increased specificity and decreasing the risk of glucocorticoid overtreatment [20] . An observational study of 39 women with hyperandrogenism and 29 controls showed that using LC-MS/MS to screen for CAH reduced false positive results and the number of unnecessary ACTH stimulation tests [21] . However, their cohort was small: only 2 patients were diagnosed with CAH; their study was only in adult women; and their screening 17OHP cut-off for CAH was ≥ 5.1 nmol/L, whereas current guidelines use ≥ 6 nmol/L [2] . The authors' conclusion for improved diagnostic accuracy using LC-MS/MS was extrapolated from method comparison data alone, whereas our study used the method comparison data but also clinically re-evaluated the 17OHP cut-off for screening when measured by LC-MS/MS. The clinical efficacy of NCCAH screening requires a high NPV to confidently rule out the diagnosis; both cut-offs in our cohort, for baseline and peak 17OHP, resulted in a 99% NPV. On the other hand, a high PPV increases clinical confidence in correctly identifying a patient with NCCAH after a positive screening result; using the higher cut-offs improved the PPV for baseline 17OHP from 47% to 76% and for peak 17OHP from 88% to 100%. In addition, the ROC curve analyses are highly significant and demonstrate excellent diagnostic accuracy using the cut-offs recommended in current clinical practice guidelines even when using LC-MS/MS [2] .
Our reported prevalence of glucocorticoid insufficiency in patients with NCCAH (55%) is comparable to another pediatric cohort [1] but higher than other reports [4, 22] . Individuals with NCCAH and glucocorticoid insufficiency are at a potentially increased risk of morbidity and mortality from adrenal crisis [7, 23] ; however, crises have not been reported in other published cohorts [22, 24, 25] . Clinical practice guidelines recommend glucocorticoid stress dosing for patients with NCCAH and adrenal insufficiency, but this is a conditional recommendation based on very low quality evidence [2] . Re-evaluating the cortisol threshold for diagnosing primary adrenal insufficiency (from any cause) is outside the scope of this study; but this work should be undertaken to better identify individuals with NCCAH who may be at risk of adrenal insufficiency [11, 12, 26] .
A strength of this study is the focus on addressing the screening and diagnostic cut-offs for NCCAH in pediatrics rather than a correlation between immunoassay and LC-MS/MS data in either healthy controls or established patients. The glucocorticoid insufficiency data contributes to a small and varied literature. Inherent challenges in defining primary glucocorticoid insufficiency include the diagnostic thresholds of newer immunoassays; the variable, sometimes subtle, symptoms of adrenal insufficiency; and the rarity of adrenal crisis [13, 23] .
The study's limitations include a small NCCAH population, which risks inflating the sensitivity and specificity of the 17OHP cut-off if patients with NCCAH and a baseline 17OHP less than 6 nmol/L exist but are not included. The baseline 17OHP samples were spread throughout the day (data not shown), whereas a screening 17OHP should be performed at 8:00 am due to the diurnal variability of 17OHP-afternoon sampling could result in a false-negative screen. Nevertheless, the data performed comparably to previous studies in distinguishing NCCAH from other diagnoses by baseline or peak 17OHP, suggesting this variability in timing did not significantly confound the results. Those with Other Diagnoses were identified based on clinical records or their ACTH stimulation test results and not by molecular genetic analysis of CYP21A2. This is a common limitation of similar studies [5, 6, 8] and risks not identifying those with NCCAH who were presumed to have an alternative diagnosis, which could falsely elevate the accuracy of the screening test. Glucocorticoid insufficiency was diagnosed using an empirical cut-off for peak cortisol based on current clinical guidelines and best available evidence. This outcome would be better defined by clinical and biochemical evidence of an adrenal crisis; however, this is fortunately a rare event, particularly as those at risk are treated with glucocorticoids, so not a practical outcome measure for this study.
In summary, we found that the 17OHP screening and diagnostic thresholds should remain unchanged for NCCAH despite a more specific LC-MS/MS method compared with immunoassay. Glucocorticoid insufficiency in NCCAH was found to be comparable to previous reports, suggesting that a significant proportion of patients may require glucocorticoid stress dosing during illness. To provide optimal patient care, it is critical we re-evaluate screening and diagnostic cut-offs in the light of evolving assays-both locally when assays differ from reported diagnostic cut-offs and to inform best practice guidelines.
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